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WIRELESS COMMUNICATIONS SYSTEMS
USING MULTIPLE RADIOS

CROSS-REFERENCE

This application is a continuation of U.S. patent applica-
tion Ser. No. 12/866,189, filed Jan. 21, 2011, which is a
national stage entry of PCT/US2009/033490, filed Feb. 6,
2009, which claims the benefit of U.S. Provisional Applica-
tion No. 61/026,710, filed Feb. 6, 2008; U.S. Provisional
Application No. 61/114,449, filed Nov. 13, 2008; U.S. Pro-
visional Application No. 61/114,427, filed Nov. 13, 2008;
U.S. Provisional Application No. 61/114,431, filed Nov. 13,
2008; and U.S. Provisional Application No. 61/114,418, filed
Nov. 13,2008, which applications are incorporated herein by
reference.

FIELD OF THE INVENTION

The present invention relates generally to wireless commu-
nication systems and specifically to wireless communications
systems using multiple radios.

BACKGROUND OF THE INVENTION

Wireless communications are implemented by any of a
variety of radio technologies, depending on the type of appli-
cation. Cellular phones, for example, may use the Global
System for Mobile communications (GSM™), the IS-54
Time Division Multiple Access (TDMA) or the 1S-95 Code
Division Multiple Access (CDMA) radio technologies,
whereas a wireless local area network may use Wi-Fi™ Blue-
tooth™ or ZigBee® radio technologies. In an ad-hoc, or
peer-to-peer, network, a wireless device communicates
directly with another wireless device. In an infrastructure
network, a wireless device communicates with another wire-
less device through one or more intermediary gate devices,
such as a base station or an access point. Generally, a wireless
device uses a single radio technology to effect communica-
tion with its peer (in the case of a peer-to-peer network) or
with the access point (in the case of an infrastructure net-
work). In the prior art, dual radios are used in a wireless
device to support different air interface standards, in order to
provide compatibility with different wireless service provid-
ers. For example, a dual-radio device may support GSM, a
cellular phone service, and Wi-Fi, a wireless Local Area
Network (LAN) service, and uses one of these two radios for
communication, depending on which service (GSM or Wi-Fi)
is available in a geographic area. Generally, such a wireless
device selects and uses a single radio for the duration of the
connection or service.

The present invention relates to an innovative wireless
communications system employing multiple radios. The
communications system selects amongst and switches
between multiple radios—possibly multiple times—while a
connection or session is in progress. This switching allows the
communications system to achieve one or more of the fol-
lowing performance objectives:

Maximize communications reliability and robustness

against interference and other impairments

Minimize interference to co-existing users

Minimize power consumption

Accommodate any disparity between the uplink and down-

link bandwidths

Moreover, the multiple radio system can reduce the physi-
cal footprint of the radio nodes and lead to improved data rates
and communication range.
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2

When a single radio type is used, the degrees of freedom
are limited for desired optimization. A given radio can be
optimized, for example, by the following means:

Switch transmission channels within the given band to
dynamically mitigate interference (to improve reliabil-
ity).

Adjust transmitted power as needed (to improve power
dissipation or reliability).

There are few other meaningful operations that can be
performed to optimize single-radio systems. With a single
type of radio, it is particularly challenging to design a system
that calls for simultaneous optimization of multiple factors—
for example, optimization of all of these four factors: link
range/reliability, node power, node cost and low interference
to other radios. If a radio is optimized for one factor, it will
typically negatively impact other factors. For example, if
power is reduced for a low-power design, it would typically
reduce the range/reliability. If an ultra-wideband (UWB)
radio is deployed to cause minimum interference to other
radios, it would result in short range, high complexity and
potentially high cost (the UWB receiver being complex and
high power).

Accordingly, a radio scheme is desired for a wireless com-
munication system that addresses the optimization of mul-
tiple factors.

SUMMARY OF THE INVENTION

In one aspect, the present invention discloses a node com-
prising a first radio constructed and arranged to function as at
least one of a transmitter and a receiver, and a second radio
constructed and arranged to function as at least one of a
transmitter and a receiver, wherein the first radio and second
radios are complementary. In some embodiments, the first
radio is constructed and arranged to transmit and to receive
signals and the second radio is also constructed and arranged
to transmit and to receive signals.

In another aspect, the present invention discloses a com-
munication system comprising a node as described above, the
node forming a first node and the first and second radios
forming a first set of complementary radio. The communica-
tion further comprises a second node, the second node includ-
ing a second set of complementary radios for transmitting and
receiving signals. The first and second nodes are in wireless
communication via the first and second sets of complemen-
tary radios.

In another aspect, the present invention discloses a com-
munication system comprising a node as described above, the
node forming a first node and the first and second radios
forming a first set of complementary radios. The communi-
cation further comprises a second node comprising a second
set of complementary radios for transmitting and receiving
signals. The first and second nodes are constructed and
arranged to wirelessly communicate via both the first and
second sets of complementary radios.

In another aspect, the present invention discloses a com-
munication system comprising a base node for transmitting
and receiving signals, the base node comprising a first plural-
ity of resources; and at least one peripheral node for trans-
mitting and receiving signals, the at least one peripheral node
comprising a second plurality of resources. The base node
and the at least one peripheral node are in wireless commu-
nication and the first plurality of resources is greater than the
second plurality of resources.

In another aspect, the present invention discloses a com-
munication system comprising a base node comprising a first
set complementary radios for transmitting and receiving sig-
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nals, and at least one peripheral node comprising a second set
of complementary radios for transmitting and receiving sig-
nals. The base node and the at least one peripheral node are
constructed and arranged to wirelessly communicate via both
the first and second sets of complementary radios. In some
embodiments, the base node consumes more power than each
individual peripheral node.

In another aspect, the present invention discloses a com-
munication system comprising a base node comprising a first
set of complementary means for transmitting and receiving
signals, and at least one peripheral node comprising a second
set of complementary means for transmitting and receiving
signals. The base node and the at least one peripheral node
comprise a means for wirelessly communicating via both the
first and second sets of complementary means for transmit-
ting and receiving signals. In some embodiments, the base
node consumes more power than each individual peripheral
node.

In another aspect, the present invention discloses a method
for using two or more complementary radios in a communi-
cation system comprising either or both of the following
steps: 1) selecting one or more of the complementary radios to
form a connection; and 2) switching between one or more of
the complementary radios to maintain a connection.

In another aspect, the present invention discloses a method
for using two or more complementary radios in a communi-
cation system comprising either or both of the following
steps: 1) activating at least one complementary radio to form
a connection; and 2) activating one or more inactive comple-
mentary radios to maintain a connection.

In another aspect, the present invention discloses a method
for using two or more complementary radios in a communi-
cation system comprising either or both of the following
steps: 1) selecting one complementary radio from the at least
two complementary radios to form a new connection; and 2)
switching between a first complementary radio and a second
complementary radio during a connection.

In some embodiments of the above methods, only one of
the complementary radios is selected or activated to form a
connection and only one of the complementary radios is
switched to or activated to maintain a connection. In other
embodiments of the above methods, the communication sys-
tem selects which of the complementary radios is active. In
other embodiments of the above methods, the communication
system selects which of the complementary radios is used to
form or maintain a connection in order to meet a performance
objective. In other embodiments of the above methods, the
transmitter associated with each of the complementary radios
transmits substantially simultaneously and the receiver asso-
ciated with each of the complementary radios combines sig-
nals from the complementary radios.

In another aspect, the present invention discloses a device
for implementing a complementary radio system comprising
two or more complementary radios, means for selecting one
or more of the complementary radios to form a connection,
and means for switching between one or more of the comple-
mentary radios during the connection.

In another aspect, the present invention discloses a device
for implementing a complementary radio system comprising
two or more complementary radios, means for activating one
or more of the complementary radios simultaneously, means
for transmitting a signal from each of the complementary
radios substantially simultaneously, and means for combin-
ing signals from the complementary radios.

In another aspect, the present invention discloses a method
for switching radio connections in a complementary radio
communication system, comprising establishing a forward
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radio connection and a reverse radio connection between a
first node and a second node, each node comprising two or
more complementary radios, wherein the forward radio con-
nection transmits data from the first node to the second node,
and the reverse radio connection transmits data from the
second node to the first node. The method further comprises
monitoring the communication quality of the forward radio
connection on the second node until the communication qual-
ity of the forward radio connection falls below a performance
criteria, then transmitting a control message from the second
node to the first node using the reverse radio connection
established above. The control message comprises a message
to switch to an alternate radio connection selected by the
second node. The connection is then reestablished using the
alternate radio connection. In some embodiments of the
method, transmission of the control message is repeated until
the first node transmits data to the second node on the alter-
nate radio connection within a predetermined time interval. In
some embodiments, the second node continues to listen on
the forward radio connection in the initial step until the first
node transmits data to the second node on the alternate radio
connection within the predetermined time interval. In some
embodiments, the data transmitted from the first node to the
second node comprises an acknowledgement in response to
the control message. In some embodiments, the second node
consumes more resources than the first node.

In another aspect, the present invention discloses a receiver
comprising a means for amplification, a configurable means
for filtering comprising a means for communication with the
amplification means, and at least one configurable device
comprising means for communication with the configurable
filter. The receiver also comprises at least one means for
analog to digital conversion further comprising means for
communication with the at least one configurable device. The
configurable means for filtering is constructed and arranged
to function as a bandpass filter when the receiver is used as a
narrowband receiver and to function as a low pass filter when
the receiver is used as an ultra-wideband receiver.

In another aspect, the present invention discloses a receiver
comprising a means for amplification, a configurable means
for filtering in electronic communication with the means for
amplification, and at least one configurable device electri-
cally communicable with the configurable means for filter-
ing. The receiver also comprises at least one means for analog
to digital conversion in electrical communication with the at
least one configurable device. The configurable means for
filtering is constructed and arranged to function as a bandpass
filter when the receiver is used as a narrowband receiver and
to function as a low pass filter when the receiver is used as an
ultra-wideband receiver.

In another aspect, the present invention discloses a receiver
comprising an amplifier, a configurable filter comprising
means for communication with the amplifier, at least one
configurable device comprising means for communication
with the configurable filter, and at least one analog to digital
converter comprising means for communication with the at
least one configurable device. The wherein the configurable
filter is constructed and arranged to function as a bandpass
filter when the receiver is used as a narrowband receiver and
to function as a low pass filter when the receiver is used as an
ultra-wideband receiver.

In another aspect, the present invention discloses a receiver
comprising an amplifier, a configurable filter in electronic
communication with the amplifier, at least one configurable
device in electrical communication with the configurable fil-
ter, and at least one analog to digital converter in electrical
communication with the at least one configurable device. The
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configurable filter is constructed and arranged to function as
a bandpass filter when the receiver is used as a narrowband
receiver and to function as a low pass filter when the receiver
is used as an ultra-wideband receiver.

In another aspect, the present invention discloses a receiver
comprising an amplifier, a configurable filter coupled to the
amplifier, a bank of configurable devices coupled to the con-
figurable filter, and a plurality of analog to digital converters
coupled to the bank of configurable devices. The configurable
filter is configured into a bandpass filter when the receiver is
utilized as a narrowband receiver and is configured into a low
pass filter when the receiver is utilized as an ultra-wideband
receiver.

In some embodiments of the receivers of the invention, the
configurable device is configured as a means for mixing when
the receiver is used as a narrowband receiver and is configured
as a means for switching when the receiver is an ultra-wide-
band receiver.

In other aspects, the present invention discloses a kit com-
prising one or more nodes as described above. In still other
aspects, the present invention discloses a kit comprising a
communication system as described above. In other aspects,
the present invention discloses a kit comprising one or more
receivers as described above.

INCORPORATION BY REFERENCE

All publications, patents, and patent applications men-
tioned in this specification are herein incorporated by refer-
ence to the same extent as if each individual publication,
patent, or patent application was specifically and individually
indicated to be incorporated by reference.

BRIEF DESCRIPTION OF THE DRAWINGS

The novel features of the invention are set forth with par-
ticularity in the appended claims. A better understanding of
the features and advantages of the present invention will be
obtained by reference to the following detailed description
that sets forth illustrative embodiments, in which the prin-
ciples of the invention are utilized, and the accompanying
drawings of which:

FIG. 1 illustrates a wireless communications system
deploying a single radio type;

FIG. 2 illustrates a conventional asymmetric wireless com-
munication system deploying a single radio type;

FIG. 3 illustrates a system for deploying multiple radios in
accordance with the present invention;

FIG. 4 illustrates the different elements of a digital radio;

FIG. 5 illustrates one embodiment of the multi-radio
scheme containing one narrow band (NB) radio and one
ultra-wideband (UWB) radio;

FIG. 6 illustrates the range of the UWB/NB radio system in
accordance with an embodiment;

FIG. 7 illustrates a multi-radio system in accordance with
an embodiment. Multiple antennas can be used for the Wi-Fi
radio of the A-Node to increase robustness;

FIG. 8 illustrates a flow chart for addressing the con-
strained optimization approach;

FIG. 9 illustrates an approach for reliably switching radio
connections on a base node;

FIG. 10 illustrates an approach for reliably switching radio
connections on a peripheral node in communication with the
base node of FIG. 9;

FIG. 11 illustrates a modification to FIG. 9 for reliably
switching radio connections on a base node;
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FIG. 12 illustrates an alternate approach for reliably
switching radio connections on a base node;

FIG. 13 illustrates an approach for reliably switching radio
connections on a peripheral node in communication with the
base node of FIG. 12;

FIG. 14 illustrates a modification to FIG. 12 for reliably
switching radio connections on a base node;

FIG. 15 illustrates a generic narrowband receiver;

FIG. 16 illustrates the receiver configured into an ultra-
wide band (UWB) receiver;

FIG. 17 illustrates a generic transmitter configured as a
narrowband transmitter in accordance with the present inven-
tion;

FIG. 18 shows that, when the transmitter is in UWB mode,
a single pulse to a switch is provided such that a single
transmitter can be easily reconfigured into either a narrow-
band or a UWB mode;

FIG. 19 illustrates an embodiment of a circuit which can
provide either narrowband or UWB mode dependent upon the
input signal to the transistor;

FIG. 20 illustrates the reconfigurable receiver imple-
mented in CMOS technology;

FIG. 21 shows the layout of the inductors in the present
invention; and

FIGS. 22A and 22B show the operation of the reconfig-
urable transmitter in more detail.

DETAILED DESCRIPTION OF THE INVENTION

A wireless communications system 10 comprises at least
two nodes 12 and 14 communicating with each other as
shown in FIG. 1. The two nodes 12 and 14 communicate
through a radio system, 16a and 165, respectively, via anten-
nas 20a and 205. The radios on both sides (16a and 165) are
of the same type, called Radio X. As shown, the data can be
optionally preprocessed by processor 18a, making it suitable
for radio transmission, before it is fed to radio system 16. On
the receiving end, the data can be post processed by the
processor 184 to recover the originally sent data. Based onthe
requirements of a given system, the radio system 16 can be
optimized in certain ways. Following are some examples of
the factors that can be optimized:

Low power dissipation of nodes;

Low cost of nodes;

High link reliability (immunity to fading, interference and
noise);

Small physical foot print of the nodes;

High data rates;

Large communication range; or

Cause minimum interference to other radio systems (e.g.,
quiet radio).

There can be many more optimization factors. As shown in
FIG.1, conventional communication systems employ a single
radio type X that can be designed to achieve certain level of
optimization. Some examples of Radio X are Wi-Fi, Blue-
tooth™ and Zigbee®.

1. Asymmetric Wireless Systems

In many applications there exists an asymmetry between
two nodes wirelessly communicating with each other, as
shown in FIG. 2. In these systems, there is an anchor node
(A-Node) 102 which collects data from one or more nodes
called peripheral nodes (P-Node or P-Nodes) 104a-104%. The
P-Nodes 104a-104r typically operate using a small power
source (e.g., a small battery or an energy harvesting device).
The A-Node 102 typically has access to a higher capacity
power source (larger battery or a power supply). Furthermore,
in such systems, P-Nodes 104a¢-1047 primarily transmit the
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data to A-Node 102. The data flow from A-Node 102 to
P-Nodes 1044-1047 is usually minimal, comprising mostly
signals to control the P-Nodes 104a-104%. In summary, there
can be an asymmetry in terms of data flow and power sources
in the system of FIG. 2. The following are some examples of
this type of asymmetric systems.

Wireless Healthcare Systems:

In wireless health monitoring systems, P-Nodes 104a-
104n can reside on wireless patches attached to a person’s
body or they can reside on wireless devices implanted within
a person’s body. These wireless patches/devices collect
physiological data from various body sensors attached to
P-Nodes 104a¢-104r and wirelessly transmit data to the
A-Node 102 within the range of P-Nodes 104a-104%. The
P-Nodes 104a-1047 can send the data to the A-Node 102
using various schemes, e.g., continuously, periodically or
episodically. Some examples of physiological data sent by
P-Nodes 104a-104r are electrocardiogram (ECG), electroen-
cephelogram (EEG), electromyogram (EMG), heart rate,
temperature, saturation of peripheral oxygen (SpO2), respi-
ration, blood pressure, blood glucose and patient’s physical
activity (movement). The A-Node 102 receiving data from
P-Nodes 104a-104n, will normally reside in some type of
patient monitoring device that collects, analyzes and manages
the physiological data. Some examples of patient monitors
are bed-side patient monitors in hospitals, Holter monitors
(ambulatory electrocardiography device) for ambulatory
ECG, blood glucose monitors, wearable physiological
parameter monitors for athletes, safety monitoring units for
industrial workers and SmartPhones supporting patient moni-
toring.

Wireless Industrial Sensors:

In such systems, P-Nodes 104a-1047 can reside on various
industrial or home devices such as furnaces, smoke detectors,
movement detectors, electrical/gas/water usage meters, etc.
The P-Nodes 104a-104#% can transmit various types of sensor
data (e.g. temperature, mechanical stress, chemicals, and
meter readings) or some other type of information. The
A-Nodes 102 can reside on portable readers, data gathering
computers, wireless access points, etc.; these devices wire-
lessly receive data from the devices connected to P-Nodes
104a-104n.

Active Radio-Frequency Identification (RFID):

In such applications, P-Nodes 104a-104» can reside on
various assets that need to be tracked or inventoried, such as
capital equipment in hospitals, factories, offices, etc. The
A-Nodes 102 can reside on devices such as portable readers,
wireless access points and computers. These devices will
wirelessly receive data from the devices having P-Nodes
104a-1047. Furthermore, locations of asset items can be
tracked by using an array of wireless access points and certain
location tracking algorithms. The location of patients can also
be tracked using the same scheme.

Wireless Audio Systems:

In such systems, P-Nodes 104a-104% can reside on devices
such as wireless microphones and wireless musical instru-
ments, e.g., electric guitar, and wirelessly transmit audio or
voice signals. The A-Node 102 can reside on devices such as
wireless speakers, amplifiers, cellular phones or access points
enabling subsequent data transmission. The devices having
A-Node 102 will wirelessly receive data from the devices
having P-Nodes 104a-104z.

Wireless Video Systems:

In such systems, P-Nodes 104a-104% can reside on devices
such as wireless cameras (or any device containing a camera
such as a laptop, cell phone, etc), digital video disk (DVD)
players, television tuners and television set top boxes. Such
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devices can transmit video signals. The A-Node 102 can
reside on devices such as wireless displays, access points, or
access points enabling subsequent transmission. The devices
having A-Node 102 will wirelessly receive data from the
devices having P-Nodes 104a-1047.

The above systems typically communicate wirelessly
within a range of about 25-50 meters in an indoor or outdoor
environment, the range of a typical wireless local area net-
work (WLAN). Some applications can dictate a larger range.
II. Optimized Asymmetric Wireless System

The commercial viability of asymmetric wireless systems
discussed above (shown in FIG. 2) imposes special design
constraints. These systems need to continuously transmit sen-
sitive data in real time within a defined range, typically 25 to
50 meters. Within this range, wireless communication should
be highly reliable without any data loss. Many radios are
severely hampered by interference and multi-path fading. The
present invention discloses schemes devised to overcome
such issues. In addition, it can be desirable for P-Nodes 104a-
1047 to use low power as they may have to operate from small
power sources for many days. Furthermore, in many of the
applications discussed above, P-Nodes 104a-104» can be
cost sensitive. For example, P-Nodes 104a-1047 can be part
of disposable wireless patches in the case of healthcare appli-
cations. Also, it can be desirable for P-Nodes 